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ty and Ins
A B S T R A C T

We report herein a new fluorescent probe for the selective recognition and determination of dodine
among 20 different pesticides. This fluorescent probe was assembled through host-guest complexation
between cucurbit[10]uril (Q[10]) and aminopropyl-1-pyrenebutanamide (PBA) and is designated as
PBA@Q[10]. Addition of dodine to PBA@Q[10] results in a dramatic enhancement of fluorescence
intensity at 390nm, accompanied by fluorescence quenching at 488nm. On this basis, the detection limit
is 6.78�10�7mol/L. The responsemechanism is a competitive interaction: dodine occupies the cavity of
Q[10] and forces PBA to leave.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Dodine (1-dodecylguanidinium acetate) is a widely used low-
toxicity and protective fungicide (Scheme 1). It is used to control a
variety of major mold diseases on fruit trees, vegetables, nuts,
ornamental plants, and shade trees. Its main principle as a
fungicide is that it can easily adsorb on the surface of negatively
charged microorganisms, penetrate their membranes, and destroy
their cell structure. It thus has a sterilizing effect and eliminates
algae [1–3]. In addition, it is used as a disinfectant in industrial
water treatment agents, detergents, and seed treatment agents,
and to disinfect women’s and children’s products as well as food
packaging [4,5]. However, its use is also associatedwith some risks
[6,7]. Structurally, it is a cationic surface-active compound, and it
essentially exhibits the toxicological properties characteristic of
this class of compounds in single or repeated doses. Its most
conspicuous toxic action is a pronounced irritant effect of the solid
or concentrated solutions on skin and mucous membranes

Due to the widespread use of dodine, methods for its detection
and quantification are required, and indeed some such methods
have been published. Dodine shows an ultraviolet (UV) absorption
maximum at about 200nm, and so above a certain concentration it
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may be detected by liquid chromatography with UV monitoring.
Therefore, residual amounts in fruit are currently mainly deter-
mined by liquid chromatography-electrospray ionization mass
spectrometry (LC/ESI-MS). Kazuhito et al. [8] used LC/ESI-MS to
detect dodine in agricultural products. Their method involved
extraction with acetonitrile and then re-extraction with ethyl
acetate. The extract was cleaned-up on a PSA cartridge column, and
finally analyzed by LC/MS. Newsome detected dodine residues in
foods by gas chromatography [9]. The procedure involved
extraction with methanol, partitioning with chloroform, and
derivatization with hexafluoroacetyl acetone. Other similar
methods have also been reported [10,11]. Although the above
methods have low detection limits, they tend to be more
cumbersome, time-consuming, and, most importantly, require
expensive and sophisticated instrumentation. Thus, a new simple
and fast method remains highly desirable.

With the rapid development of various novel fluorescent
compounds, the field of supramolecular chemistry has benefited
from their encapsulation in suitable hosts, such as cyclodextrins
[12], calix[n]arenes [13], and pillar[n]arenes [14–20]. Cucurbit[n]
urils (Q[n]s) [21,22], as a class of macrocyclic host molecules, have
also been employed to construct fluorescent probes. For example,
in 2012, Xing et al. [23] detected paraquat in aqueous solution by
using the complex of cucurbit[7]uril and acridine orange. Del Pozo
and HernÃ¡ndez also used cucurbit[7]uril as a host to detect
carbendazim in oranges in 2010 [24]. Recently, our group has
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Scheme_1)TD$FIG]

Scheme 1. Structures of Q[10], PBA and dodine.
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applied a fluorescent probe based on twisted cucurbit[14]uril and
thioflavin T for detecting flusilazole [25].

In order to further expand the application of Q[n] in detecting
pesticides, we have now designed a water-soluble probe with
fluorescence as its key feature. Pyrene is a large conjugated
fluorophore, and its fluorescence makes it a suitable guest for our
purposes. In order to overcome the problemof lowwater-solubility
of the conjugated arene, a long chainwith a diamine structure was
appended to afford aminopropyl-1-pyrenebutanamide (PBA,
Scheme 1). The synthetic route is outlined in Fig. S1 (Supporting
information). Considering the large size of the pyrenemoiety of the
guest, Q[10] with a large cavity was selected as the host.
Consequently, a fluorescent probe was constructed from cucur-
bit[10]uril and PBA, which is designated as PBA@Q[10]. It was
obtained by simple mixing of Q[10] and PBA in aqueous solution in
a 1:1 stoichiometry. The PBA@Q[10] probe was then used to detect
20 different pesticides of varying shape and size, namely
dinotefuran, thiamethoxam, acetamiprid, pyroquilon, dodine,
metalaxyl, pyrimethanil, oxadixyl, carbaryl, ethiofencarb, pyme-
trozine, azaconazole, tebuconazole, triadimenol A, penconazole,
flutriafol,flusilazole, triadimefon, tricyclazole and paraquat (Fig. S5
in Supporting information). On adding tenfold excesses of the
respective pesticides to the PBA@Q[10] probe, only dodine elicited
a strong fluorescence enhancement effect, while the other
pesticides reduced the fluorescence to different extents. The
results clearly demonstrate that our probe can be used for the
selective detection of dodine. Our findings not only expand the
application of host-guest cucurbit[n]uril chemistry in everyday
life, but also indicate a new and effective means of detecting
dodine.

The ability of PBA to form a complex with Q[10] was monitored
by 1H NMR and fluorescence emission. Host-guest complexation
was firstly assessed by 1H NMR titration, whereby Q[10] was
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Fig. 1. (above) Possible interaction between PBA and Q[10]; (below) 1H NMR
titration spectra of PBAwith the addition of differentmolar equivalents of Q[10]: (i)
free guest PBA, (ii) 0.50, (iii) 0.75, (iv) 1.0.
incrementally added to a 50mmol/L solution of PBA in D2O (Fig. 1).
Addition of 1.0 equiv. of Q[10] resulted in upfield shifts of the
signals of protons Ha-f, p of the guest. That is to say, the proton
signals of the pyrene group of PBA showed obvious upfield shifts.
Meanwhile, the signals of protons Hb-f also showed gradual upfield
shifts, moving from d 1.44, 2.77, 3.23, 2.02 and 2.20 to d 2.11-1.34.
The signal of proton Ha was upfield shifted from d 2.62 to d 2.27.
These dramatic upfield shifts for the proton signals of PBA upon
addition of Q[10], compared with those of the free guest, suggest
that in the complex PBA@Q[10], the PBA is included in the cavity of
Q[10]. Given the large cavity associated with Q[10], the Q[10] can
also shuttle on the guest PBA in a state of dynamic equilibrium [26–
28].

The interaction between Q[10] and PBA was further verified by
fluorescence emission spectroscopy. As shown in Fig. 2, PBA
displays an emission peak at 390nm in aqueous solution at an
excitation wavelength of 332nm. Incremental addition of Q[10]
caused a decrease in the fluorescence intensity at 390nm and an
increase in that at 488nm, and the fluorescence reached a
minimum at an NQ[10]/NPBA ratio of 1:1. The association constant
(Ka) of PBA@Q[10] was calculated as 1.06�103 L/mol according to
the fluorescence spectrum in water (Fig. S7 in Supporting
information). A Job plot (Fig. 2b) further corroborated the
stoichiometry of the host-guest inclusion complex. Meanwhile,
the luminescent color of the solution was also significantly
modified; the purple luminescence of PBA was converted into
cyan luminescence from the complex PBA@Q[10] under a 365nm
lamp. Moreover, confocal fluorescence microscopy images (Fig. S8
in Supporting information) showed that the fluorescence of PBA
was enhanced in the presence of Q[10], due to the formation of
PBA@Q[10] [29].

As mentioned above, simple mixing of Q[10] and PBA in
aqueous solution in a 1:1 stoichiometry furnished the fluorescent
probe PBA@Q[10]. Its interesting fluorescence properties
prompted us to investigate its applicability for the rapid detection
of pesticides. To this end, we carried out a series of fluorescence
measurements on the abovementioned 20 pesticides (Fig. S5). The
results are shown in Fig. 3. Interestingly, when dodine was added
to an aqueous solution of PBA@Q[10], the fluorescence character-
istics of the probe showed dramatic changes. Its fluorescence
intensity at 390nm was strongly enhanced, and this was
accompanied by fluorescence quenching at 488nm. However,
addition of any of the other 19 pesticides to the same aqueous
probe solution did not lead to distinct fluorescence changes at
390nm, only slight fluorescence quenching at 488nm. Moreover,
with the addition of dodine, the significant increase in fluorescence
intensity of the probe could be visually perceived (Fig. 4), with the
color changing from cyan to blue under a UV lamp. These
observations indicate that the probe PBA@Q[10] permits highly
selective recognition of dodine in aqueous solution.
[(Fig._2)TD$FIG]

Fig. 2. (a) Fluorescence spectra of PBA (2�10�5 mol/L) with increasing molar
equivalents of Q[10] from 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2��� to 3.0; (b) Job plot for Q[10]
and PBA.
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Fig. 5. (a) Fluorescence spectra of PBA@Q[10] (1�10�6 mol/L) with increasing
molar equivalents of dodine from 0, 1.0, 2.0 . . . to 50.0; (b) plot of DL.

Table 1
Comparison of detection limits (DL) for dodine by different analytical methods.

Detection method DL (mol/L) Reference

LC/MS 6�10�7 [8]
Gas-liquid chromatography 2.78�10�8 [9]
LC/EI-MS/MS 3.48�10�9 [10]
LC/MS/MS 1.7�10�8 [11]
This work 6.78�10�7 �
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Fig. 6. Titration 1H NMR spectra of (i) free PBA, (ii) PBA@Q[10], (iii) PBA@Q[10]-
dodine, (iv) dodine@Q[10], and (v) free dodine.
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Fig. 3. Fluorescence spectra indicating the selective detection of dodine among 20
pesticides.
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The effect of varying dodine concentrations on the fluorescence
intensity of the PBA@Q[10] complex was also investigated. As
shown in Fig. 5a, PBA@Q[10] exhibits fluorescence maxima at 390
and 488nm in the absence of dodine. With the addition of
increasing amounts of dodine, the fluorescence intensity at 488nm
is effectively quenched, while that at 390nm is obviously
enhanced.

The fluorescence intensity (F) exhibited a good linear relation-
ship with dodine concentration within a certain concentration
range. From the plot in Fig. 5b, the detection limit (DL) for dodine
was calculated as 6.78�10�7 mol/L. This DL value is up to an order
of magnitude lower than those for some previously reported
detectionmethods (Table 1). This reiterates that our probe permits
highly selective and sensitive recognition of dodine in aqueous
solution.

To further verify the mechanism of the fluorescence enhance-
ment of PBA@Q[10], titration 1H NMR spectra was acquired. The
interaction between Q[10] and dodine was first examined by 1H
NMR spectroscopic analysis. As shown in Fig. S11 (Supporting
information), upon the addition of Q[10] to a solution of dodine in
D2O, all of the proton signals exhibited distinct upfield shifts
compared to those of free dodine, indicating that the whole
dodine molecule was encapsulated within the cavity of Q[10]. The
association constant (Ka) between Q[10] and dodine was
calculated as 8.02�104 L/mol by 1H NMR titration (Fig. S13 in
Supporting information). In addition, PBA added into the solution
of dodine in D2O does not induce any change in the resonances of
all the protons for both PBA and dodine, indicating the lack of
interaction between PBA and dodine (Fig. S14 in Supporting
information).

By mixing Q[10] and PBA in a 1:1 stoichiometry in D2O, the 1H
NMR spectrum of the PBA@Q[10] inclusion complex was
obtained (Fig. 6ii). Upon subsequent addition of dodine to this
[(Fig._4)TD$FIG]

Fig. 4. (Top) Histogram of the fluorescence intensities of PBA in the presence of 20 diff
changes.
complex, obvious downfield shifts of all the proton signals
attributed to unbound PBA were observed (Fig. 6i and iii),
suggesting that PBA was gradually expelled from the cavity of Q
[10]. Although the 1H NMR spectrum still showed the presence
erent pesticides; (bottom) photographs of vials showing the fluorescence emission
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Fig. 7. Confocal microscopy images of (a) 20 mmol/L probe, (b) 20 mmol/L probe-dodine and (c) 20 mmol/L neat PBA.
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of PBA@Q[10], the presence of some free PBA reveals the mode
of action. At the same time, the peaks of the protons of dodine
show slight upfield shifts (Fig. 6iv and v, and Fig. S15 in
Supporting information). All of these observations imply that
with the incremental addition of dodine, it gradually displaces
PBA from the cavity of Q[10] [25,30]. Indeed, the Ka of
dodine@Q[10] is higher than that of PBA@Q[10], which would
explain the significant changes in the fluorescence spectrum of
PBA@Q[10] with the gradual addition of dodine. Moreover, the
confocal microscopy images showed that the fluorescence of
PBA@Q[10] was a significant decreased in addition of dodine, and
the fluorescence intensity is close to free PBA (Fig. 7 and Fig. S16 in
Supporting information), which supports the proposed mecha-
nism as well.

In summary, a new fluorescent probe has been constructed in
water based on the host-guest complexation between Q[10],
with a large rigid cavity, and PBA, which shows strong
fluorescence. The obtained fluorescent probe, PBA@Q[10], has
been used to determine dodine among 20 different pesticides,
namely dinotefuran, thiamethoxam, acetamiprid, pyroquilon,
dodine, metalaxyl, pyrimethanil, oxadixyl, carbaryl, ethiofen-
carb, pymetrozine, azaconazole, tebuconazole, triadimenol A,
penconazole, flutriafol, flusilazole, triadimefon, tricyclazole, and
paraquat. The fluorescent probe showed highly selective and
sensitive recognition of dodine in aqueous solution. The DL was
as low as 6.78�10�7 mol/L, similar to those achieved with large
precision instruments. Furthermore, the mechanism of the
response of the probe towards dodine has been corroborated by
1H NMR spectra: dodine displaces PBA from the cavity of Q[10].
Eventually, the fluorescence intensity of PBA returns to its
original level. The present work provides a new approach for
extending the application of cucurbit[n]uril-based fluorescent
sensors based on host-guest interactions for the detection of other
pesticides.
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